The centromere/kinetochore complex is indispensable for accurate segregation of chromosomes during cell divisions when it serves as the attachment site for spindle microtubules. Centromere identity in metazoans is believed to be governed by epigenetic mechanisms, because the highly repetitive centromeric DNA is neither sufficient nor required for specifying the assembly site of the kinetochore [1] [2] [3] [4] . A candidate for an epigenetic mark is the centromere-specific histone H3 variant CENP-A that replaces H3 in alternating blocks of chromatin exclusively in active centromeres [1, 2, 5, 6] . CENP-A acts as an initiator of kinetochore assembly, but the detailed dynamics of the deposition of metazoan CENP-A and of other constitutive kinetochore components are largely unknown [1, 2, 7-10].
The centromere/kinetochore complex is indispensable for accurate segregation of chromosomes during cell divisions when it serves as the attachment site for spindle microtubules. Centromere identity in metazoans is believed to be governed by epigenetic mechanisms, because the highly repetitive centromeric DNA is neither sufficient nor required for specifying the assembly site of the kinetochore [1] [2] [3] [4] . A candidate for an epigenetic mark is the centromere-specific histone H3 variant CENP-A that replaces H3 in alternating blocks of chromatin exclusively in active centromeres [1, 2, 5, 6] . CENP-A acts as an initiator of kinetochore assembly, but the detailed dynamics of the deposition of metazoan CENP-A and of other constitutive kinetochore components are largely unknown [1, 2, [7] [8] [9] [10] .
Here we show by quantitative fluorescence measurements in living early embryos that functional fluorescent fusion proteins of the Drosophila CENP-A and CENP-C homologs are rapidly incorporated into centromeres during anaphase. This incorporation is independent of ongoing DNA synthesis and pulling forces generated by the mitotic spindle, but strictly coupled to mitotic progression. Thus, our findings uncover a strikingly dynamic behavior of centromere components in anaphase.
Results and Discussion
We have analyzed the incorporation dynamics of the two constitutive centromere/kinetochore complex components described so far in Drosophila, the CENP-A homolog centromere identifier (CID) and the recently discovered, highly diverged CENP-C [11, 12] . CID and CENP-C were fused with the enhanced green fluorescent protein (EGFP) and enhanced yellow fluorescent protein (EYFP), respectively. The dynamics of the two fusion proteins were monitored during the syncytial nuclear divisions of the early Drosophila blastoderm embryo. These extremely rapid and synchronous cycles occur on the surface of the embryo, allowing simultaneous data acquisition of multiple nuclei arranged in the same optical plane [13] .
EGFP-CID and EYFP-CENP-C Are Specifically Incorporated into Centromeres during Anaphase
We measured the cumulative centromere-localized fluorescence intensity of EGFP-CID and EYFP-CENP-C per nucleus throughout the cell cycle. While all sister centromeres are still grouped within one chromatin plate in metaphase, they are separated into two chromosome groups in anaphase. After the metaphase-to-anaphase transition, the fluorescence intensity per chromosome group is therefore expected to drop to 50% of the value observed in the metaphase plate. Subsequently, the fluorescence intensity is expected to increase to the initial value before the next mitosis, reflecting deposition of new EGFP-CID or EYFP-CENP-C. To reliably assign the cell-cycle phase when this intensity increase occurs, we constructed strains coexpressing the green/yellow fluorescent centromere protein variants with a red fluorescent chromatin protein. For this purpose, we established a transgene expressing a functional histone 2A variant fused to the monomeric red fluorescent protein [14] (His2Av-mRFP1). The expected sharp drop in fluorescence intensity was indeed recorded at anaphase onset, when the sister centromere groups of early anaphase figures were assigned to separate nuclei ( Figures  1A and 1C) . Surprisingly, we detected immediately afterwards a steep increase in fluorescence intensity for both EGFP-CID and EYFP-CENP-C. This increase occurred during anaphase ( Figures 1A and 1C) . The fluorescence increase during anaphase was also found for embryos expressing exclusively EGFP-CID in a cid mutant background (see Figure S1 in the Supplemental Data available online), ruling out the possibility that the mitotic deposition of EGFP-CID is an artifact resulting from competition with endogenous, untagged CID. We point out that both EGFP-CID and EYFP-CENP-C are fully functional, as shown by the fact they rescue the phenotypic consequences associated with cid and Cenp-C mutations, respectively (see Supplemental Experimental Procedures and [11] ). To exclude the possibility that the recorded intensity increase in anaphase results from a clustering of centromeres within the chromatin, we also analyzed the behavior of single centromeres ( Figure 1B , Movie S1). Centromere fluorescence intensity was constant during interphase, but sharply dropped in late prophase/early metaphase, when individual sister centromeres are separated sufficiently by the pull of the mitotic spindle to allow their distinct quantification. During metaphase, the centromere fluorescence intensity stayed low. However, centromere fluorescence intensities strongly increased again during anaphase up to the level observed before sister centromere separation, thus confirming our quantification results of centromeric fluorescence per nucleus.
To assess whether the mitotic fluorescence intensity increase observed for centromeric chromatin components reflects a general behavior of chromatin proteins during the rapid syncytial divisions, we also monitored the fluorescence of His2Av-mRFP1. In this case, Table  shown below) . Images corresponding to selected time points (indicated by arrows numbered with roman numerals) of the series are displayed below the graphs. His2Av-mRFP1 is shown in red and EGFP-CID (A, B) and EYFP-CENP-C (C) in green. For comparison, the EGFP-CID graph a gradual increase throughout interphase was detected, whereas there was no substantial increase during mitosis ( Figure 1D ). This pattern may indicate incorporation coupled with DNA replication that proceeds during the whole interphase in the syncytial cycles, or a continuous process involving replication-independent mechanisms recently described for the incorporation of His2A variants in Drosophila and budding yeast [15] [16] [17] [18] . Regardless of the mechanism, bulk His2Av deposition during the syncytial divisions in Drosophila is clearly temporally distinct from incorporation of CENP-C or CID ( Figure 1D ). To exclude the possibility that our quantification procedures artifactually generate a rapid signal increase during anaphase in case of point-like fluorescent signals, we analyzed a different fluorescent protein localized to a restricted chromosomal site. In these control experiments, we used a tetracyclin-repressor-EGFP fusion protein targeted to chromosomally integrated arrays of tet-operator repeats. No sharp increase in fluorescence intensity occurred during anaphase in this case (see Figure S2 ).
EGFP-CID and EYFP-CENP-C Are Most Dynamic during Anaphase
To analyze the dynamics of EGFP-CID and EYFP-CENP-C during mitosis in more detail, we performed fluorescence recovery after photobleaching (FRAP) experiments. After bleaching of EGFP-CID signals with iterative pulses of the 488 nm laser at 100% power in metaphase, we observed a substantial recovery of fluorescence during anaphase (Figure 2A immediately before anaphase onset and measured the recovery of centromere-localized fluorescence of the bleached mitotic figures during anaphase. Significantly, in less than 2 min, more than 100% of the initial fluorescence was recovered, which strongly supports incorporation of new EGFP-CID during anaphase. The analysis of FRAP in other cell-cycle phases revealed that both EGFP-CID and EYFP-CENP-C are, by at least a factor of 3, more dynamic during anaphase than during metaphase, telophase, or interphase ( Figure S3 ).
Taken together, our results show that both CENP-C and CID are incorporated into centromeres during anaphase. Furthermore, as the fluorescence intensity after bleaching recovers within 2 min to values exceeding the values expected for exclusive new incorporation by approximately 30%, EGFP-CID exhibits also a surprising high turnover rate during anaphase. Recently, an increased turnover of all core histones during late mitosis has been observed in mammalian cells via FRAP analyses [19] . However, the recovery rates determined for the exchange of H3-GFP (approximately 15% recovery in 20 min) are much lower than the rates reported here for EGFP-CID. Thus, the rapid exchange of EGFP-CID during anaphase likely is not due to a general higher histone exchange during late mitosis.
Anaphase Incorporation of EGFP-CID and EYFP-CENP-C Is Independent of Spindle Microtubules but Coupled to Mitotic Progression
The increased dynamics of EGFP-CID and EYFP-CENP-C observed during metaphase and anaphase is consistent with the idea that tension exerted by microtubules on the kinetochores permits the incorporation of new centromere/kinetochore complex components. Such an effect of tension on the incorporation of centromere-identifying proteins would contribute to a faithful specification of centromere identity exclusively at functional centromeres [3] . To assess whether tension at the kinetochores is required for EGFP-CID and EYFP-CENP-C incorporation, we injected into syncytial embryos the microtubule-destabilizing drug colcemid to abrogate tension and then monitored the changes in fluorescence intensity. Since colcemid elicits the spindle checkpoint, which blocks cell-cycle progression in wild-type embryos before anaphase, we also injected embryos in which the spindle checkpoint was inactivated because of a mutation in the gene encoding the essential spindle assembly checkpoint kinase, Mps1 [20] . Progression through mitosis in these embryos took place despite the presence of colcemid as indicated by timely decondensation of the chromosomal DNA, which is a hallmark for late mitosis ( Figure 3A , Mps1
2/2
, time point III). Interestingly, an increase in fluorescence intensity was recorded for both EGFP-CID ( Figure 3A , black curve) and EYFP-CENP-C (data not shown) before completion of chromosome decondensation. The fluorescence intensity of His2Av-mRFP1 did not change significantly during this period ( Figure S4A ). These results show that both new EGFP-CID and EYFP-CENP-C are incorporated despite the absence of significant microtubule-mediated tension at the kinetochore. When colcemid was injected into embryos with an intact spindle checkpoint, the nuclei entered mitosis and arrested with highly condensed chromosomes ( Figure 3A, bottom) . However, no substantial net increase of EGFP-CID fluorescence above the initial value was observed, even over a period of about 14 min after entry into mitosis ( Figure 3A , red curve). Thus, the incorporation of the fluorescent centromere/kinetochore complex components is coupled to progression through mitosis.
Incorporation of EGFP-CID Is Independent of DNA Replication DNA replication starts very early during the extremely rapid S-M cycles in syncytial Drosophila embryos, so it is conceivable that the incorporation of the kinetochore components takes place concomitant with and is dependent on DNA synthesis. To test this assumption, we analyzed the dynamics of EGFP-CID after injection of syncytial embryos with the DNA synthesis inhibitor aphidicolin, which delays, but does not arrest, cell-cycle progression at this stage [21, 22] . The injections were performed during late interphase to ensure that DNA synthesis is inhibited in the following cell cycle. The frequent occurrence of anaphase bridges in the mitosis immediately after the injection indicated that DNA synthesis was effectively inhibited already prior to mitosis in late replicating regions ( Figure 3B , bottom, arrowheads). Despite this inhibition, an increase in fluorescence intensity during anaphase to the initial value was observed ( Figure 3B ). The fluorescence intensity of His2Av-mRFP1 did not change significantly during this period ( Figure S4B ). These results suggest that incorporation of EGFP-CID during the syncytial divisions is completely uncoupled from DNA replication. Analyses of ectopically expressed proteins in HeLa and Drosophila Kc tissue-culture cells [23, 24] as well as studies in S. pombe [25] have previously established that CID/ CENP-A/Cnp1 incorporation can take place independently of DNA replication. Furthermore, it has been shown in fission yeast and in human tissue-culture cells that CENP-A homologs accumulate during late G2, well separated in time from DNA replication [24] [25] [26] . Since the syncytial nuclear cycles lack gap phases, we have also analyzed CID incorporation during the postblastoderm mitotic cycles 15 and 16, both of which have pronounced G2 phases. In these cases, EGFP-CID does not appear to become incorporated during anaphase ( Figure S5 ). Thus, it appears that the mitotic incorporation of CID is a special feature of the rapid syncytial divisions occurring in the early Drosophila embryo and not a general mechanism.
The temporal separation of DNA synthesis and CID incorporation may prevent possible misincorporation into noncentromeric sites [8, 10, 12, 27, 28] , which could lead to the fortuitous formation of ectopic kinetochores [8] . As a consequence of the delay between DNA synthesis and CID loading, one might envision that either there are gaps in the nucleosomal array within centromeric chromatin that are filled in anaphase with CID nucleosomes or that during replication H3 is incorporated in centromeric chromatin, which then is replaced in anaphase by CID ( Figure 3C , top two panels). Alternatively, CID is deposited in the immediate vicinity of centromeric chromatin saturated with CID-containing nucleosomes and serves as a reservoir for incorporation into new nucleosomes in the next cycle once the replication fork has passed the centromeric DNA and new nucleosomes are assembled ( Figure 3C, bottom panel) .
Recently, it has been shown that in chicken DT-40 cells, CENP-A incorporation is dependent (in part) on the presence of members of the CENP-H/CENP-I complex, which can be found at centromeres throughout the cell cycle [29] . While homologs for the vertebrate CENP-H/CENP-I complex components await their detection in Drosophila, in vitro assembly reactions have recently suggested a role of the chaperone RbAp48 in incorporation of CID into centromeric chromatin [30] . It has also been shown that CENP-A is mislocalized in the absence of the S. pombe RbAp48 homolog Mis16 or the human counterparts RbAp48 and RbAp46 [31] . It will be interesting to find out whether mitotic CID and CENP-C incorporation in syncytial Drosophila embryos is dependent on RbAp48. Also, as CID and CENP-C incorporation depends on mitotic progression, it might be coupled to the action of global cell-cycle regulators like the anaphase-promoting complex/cyclosome, or kinases (Cdk1, Polo, Aurora) that are known to control progression through mitosis. Thus, these master regulators might also play a role in centromere propagation.
Conclusions
Our results show that new CID and CENP-C incorporation takes place during anaphase of the syncytial divisions of Drosophila embryos. This incorporation is independent of DNA replication and of normal pulling forces generated by the mitotic spindle. While it is counterintuitive that CID and CENP-C incorporation occurs while the centromeres are under strain by the pulling forces generated by the mitotic spindle, mitosis is the only time point in syncytial embryos without ongoing DNA synthesis. Thus, it appears that CID and CENP-C incorporation concomitant with DNA replication needs to be prevented. Our finding that CENP-C and CID incorporation during anaphase is independent of spindle pulling forces argues against the importance of tension in the epigenetic specification of the site of functional centromeres [3] , at least for the syncytial divisions in Drosophila embryos. Nevertheless, as the mitotic spindle checkpoint enforces the dependence of anaphase on functional kinetochores, incorporation of centromere/ kinetochore complex components only into functional kinetochores during anaphase may represent a safeguard mechanism to propagate centromeres.
Supplemental Data
Supplemental Data include five figures, two movies, and Supplemental Experimental Procedures and can be found with this article online at http://www.current-biology.com/cgi/content/full/17/3/ 237/DC1/.
